Abstract-Excited state vibronic spectra of paminophenol, p-cresol, pguoroaniline, p-fluorophenol, hydroquinone and p-toluidine have been obtained using resonant two photon ionization supersonic beam mass spectrometry. Despite marked similarities in the spectra, notable differences exist and different para polyatomic substituents in the same molecule show vibronie evidence of their real molecular symmetry of Csv. Expansion of the ring is also noted upon excitation in all cases. Further, it is now evident that the assigmnent of some vibronic bands historically interpreted as sequence structure must be reconsidered since molecules like hvdroouinone are mixtures of cis and trans and others have a vibronic structure arising from the polyatomic haturk of the substituents (c$ CH3).
INTRODUCTION
Supersonic molecular beam techniques provide a powerful means of probing the excited state of polyatomic molecules [l-8] . Room temperature u.v.-visible absorption spectra of aromatic hydrocarbons are typically broad and relatively featureless in contour. In contrast, absorption spectra in a supersonic jet characteristically are sharp [9, lo] . This is due to the very intense cooling which occurs in the supersonic flow [11-14-j. Two body collisions which convert thermal energy of random motion into kinetic energy of directed mass flow serve as the mechanism by which this cooling proceeds. As a result of such collisions the translational temperature of the expanding gas drops precipitously. Moreover, a small population of polyatomic molecules seeded into an expansion of an inert carrier gas undergoes relaxation into low energy rotational and vibrational levels. The rotational degrees of freedom of such molecules are nearly in equilibrium with the rate of translational cooling and will therefore cool to within a few degrees of absolute zero. Vibrational relaxation, on the other hand, is quite mode-dependent and much less efficient but it is nonetheless remarkable.
Resonant two photon ionization (R2PI) is a very useful spectroscopic tool at megawatt laser energies where, at least for relatively rigid molecules, the nonresonant background is small compared to the resonant intensity [l&29] . It is therefore possible to exploit the fact that absorption of the first photon occurs in resonance with a vibronic band. Absorption of the second photon pumps the molecule into the ionization continuum or a Rydberg state from which ionization can be made to occur. The cross section for the absorption of this second photon is not a strong function of wavelength and at least it appears to be devoid of sharp features for the polyatomic molecules of interest here [16] . Consequently, R2PI spectra of polyatomic molecules are, in effect, absorption spectra, although the total ion production is being monitored. R2PI can therefore be used as an excited state probe.
Several outstanding advantages of supersonic beam RZPI mass spectrometry are worthy of mention. Perhaps foremost is the ability of the supersonic beam to produce a nearly collisionless beam of monoenergetic gas phase molecules, thereby circumventing matrix effects which are present in solid state absorption spectra obtained under cryogenic conditions. Further, ionization can be made to occur in molecules which have a negligible fluorescence quantum yield. Thus, nonfluorescent molecules may be studied. It is also of significance that ion production and detection is much more efficient [17, than molecular excitation and detection employed in conventional absorption spectroscopy so that one can probe the relatively low density of seed molecules in a supersonic expansion. In addition, this technique has produced soft ionization or only molecular ions with high efficiency [l&24-29] at modest laser intensities for aromatic systems of interest studied thus far. Therefore, the molecular ions produced can be selectively monitored in a mass spectrometer so that there is no question as to the identity of the species studied versus possible background contamination due to formation of clusters.
EXPERIMENTAL
The experimental apparatus used in these experiments has been described elsewhere [30] . The device is constructed such that laser radiation is perpendicular to the supersonic beam. The interaction region is at a fixed distance of 9.25 cm from the nozzle thereby ensuring molecular "free flow". Orthogonal to both the jet and the laser beam a time of flight mass spectrometer based on the design of WILEY and MCLAREN [31] serves as the detection system. A dual microchannel plate (R. M. Jordan Co.) is used to monitor the signal.
A Quanta Ray PSV-1 pulsed nozzle provides the beam source in our experiments. The maximum rate of flow through the orifice, i.e. "choked flow", is reached when the fwhm of the gas pulse is 55 ps, so that maximum theoretical cooling should be achieved. Sample introduction is accomplished by flowing a steady stream of Ar carrier gas over a reservoir containing the solid or liquid. In some cases the reservoir was heated mildly to provide sufficient vapor pressure. Typical concentrations of seed molecules in the expansion are between 5 and 50 p.p.m. as determined by weight loss in the sample reservoir over an extended period of time. The background pressure in the reservoir is 1 atm. An average chamber pressure of l-2 x 10-s torr during pulsed valve operation is maintained with a 6" diffusion pump and a liquid N2 cooled baffle.
The laser source consists of the output of a Quanta Ray PDL-1A Nd:YAG laser. Tunable U.V. radiation is generated by frequency doubling the output of the dye in a phase matched KD*P crystal. This is performed using the Quanta Ray WEX-1 wavelength extension device. The near U.V. radiation which has an energy of _ 0.143 mJ at 10 Hz is then collimated with a telescope (positive lens, 30 cm focal length; negative lens 10 cm focal length) to a _ 2 mm beam. A Quanta Ray CDM-1 Control Display Module is used to control the stepping motor which tunes the grating in the dye cavity.
Experiments were performed at the 10 Hz repetition rate of the laser system. The flight time of the molecular beam, which is on the order of 230 ps, requires proper synchronization between the pulsed valve and laser. The oscillator output from the Nd:YAG laser triggers the pulsed nozzle control unit which generates a high current pulse that causes the valve to open. An adjustable delay between the oscillator pulse and the pulse which triggers the nozzle provides a means of synchronizing the arrival of the molecular beam into the interaction region with the laser pulse. The laser then fires and triggers the oscilloscope and gated integrator. A Stanford Research System SRS 250 gated integrator unit was used to monitor the molecular ion peak in the TOFMS as a function of wavelength and the signal was displayed on a stripchart recorder. No correction was made for dye laser intensity in the spectra so obtained.
RESULTS AND DISCUSSION
Ionization spectra of the para substituted benzene derivatives p-aminophenol, pcresol, p-fluoroaniline, pfluorophenol, hydroquinone and toluidine are presented in Figs 14. We chose to investigate these particular compounds because of the importance of aromatic molecules in biological systems. Further, for para di-substituted benzenes which contain substituent groups of relatively light mass there is little mixing of the normal modes as described for benzene. Thus, the normal modes of such molecules resemble those of benzene and its para substituted analog pdifluorobenzene, both of which have well characterized vibrational modes. This is a crucial point since nomenclature which is in use for benzene may therefore be applied to the derivatives treated here. It must be clearly understood, however, that every molecule has its own unique normal modes of vibration. For example, the lowest frequency mode of p-diiodobenzene which is totally symmetric involves stretching of the iodine substituents and does not resemble the characteristic lowest ring mode of the lightly substituted benzenes. Thus, the over simplified treatment presented herein must be viewed with caution. Our intent in this work is to draw attention to the fact that these molecules, about whose Sr state little is known, have vibronic spectra which bear a close resemblance to one another but that, in the absence of "hot" vibrational bands and extended rotational contours, significant differences can also be seen. Among the most intense bands in each spectrum are the vibronic transition to the totally asymmetric component of the doubly degenerate (608 cm-') ezg mode (va) of benzene which typically lies between _ 420-440 cm-' and the aromatic "ring breathing" between m 805-84Ocm-' (vl). The appearance of other vibronic transitions with an intensity comparable to that of the 6aA and 1: modes suggest that they also be interpreted as totally, symmetric. The number of these spectral features indicate that for the molecules under study the molecular symmetry are all C,, in practice. Thus, paru polyatomic substituents effectively determine the overall molecular symmetry by virtue of their local geometry. In p-cresol, for example, the band at 871 cm-', which is too intense to be an overtone, is assigned as 18~;. Other active totally symmetric modes we report in this study include transitions designated 8a, 7a, 19a and 12 [32, 33] . Absorption of a photon sufficient to excite overtones of ring bending modes in the 690-850 cm-' region also accounts for bands of considerable intensity. The most active of these modes is believed to be the out-ofplane bending mode 166 and the in-plane bending mode 96. Table 1 summarizes the assignment of the major bands.
Conducting the experiment in a supersonic expansion of Ar results in a significant cooling of the vibrational degrees of freedom. As a result virtually all vibronic transitions originate from the u" = 0 level of the ground state. The lack of sequence structure which accompanies the cooling process therefore simplifies the spectra significantly and relatively few vibronic bands are observed. Thus, totally symmetric bands are conspicuous because of their intensity, whereas low frequency bands which are less intense can be correlated with two quanta of nontotally symmetric modes. This is a major advantage over the relatively high temperature absorption spectra in the existing literature. It is now evident, for example, that some bands which were historically interpreted as sequence structure were incorrectly assigned. For instance, because of the absence of a hot band 38 cm-' from the electronic origin of p-cresol in the jet spectrum, it is plausible to regard many of the low frequency modes of the p-cresol molecule as torsional vibrations of the methyl group rather than sequences [34] .
Slight expansion of the aromatic ring is a general property of these molecules upon electronic excitation. This is borne out by the appearance of totally symmetric fundamentals characteristic of the benzene ring which appear consistently throughout the spectra, in particular, 6~6 and 1:. Ring expansion is indicated by the appearance of these fundamentals at slightly lower frequencies to those of the corresponding ground state frequencies. Severe geometric deformation such as an excited state equilibrium geometry in which the ring is puckered would lead to drastic changes in the number, type and frequency of active vibronic bands in the spectra and have not been observed.
Unequivocal assignment of vibronic bands is difficult due to the lack of complementary data. Infrared and Raman spectra of the excited state would provide a wealth of information about the symmetry of the active transitions. In conjunction with fluorescence spectra such data would make it possible to definitively assign specific transitions through the use of combination rules. To date, however, these conventional spectroscopic techniques have been plagued with difficulties. For example, all of the compounds investigated here have very low fluorescence quantum yields. Despite the lack of excited state spectral information available from other spectroscopic techniques reasonable assignments were made possible from ground state spectra [33, 35] on the basis ofthe criteria cited below. These criteria are based on principles discussed above [36, 373. 1. 2.
3.
4.
5.
Symmetry was considered to be C,,. For para substituted derivatives with small substituents severe shape deformation between the ground and excited state equilibrium geometries was deemed unlikely. Vibronic bands of the largest intensity are totally symmetric and should appear in progressions, e.g. 6a& 6& 6a& . . . Nontotally symmetric modes absorb an even number of vibrational photon quanta and will rarely absorb more than two, i.e. 18a& (18ai) etc. Hot bands which are not cooled are likely to be 1 + 1 sequence bands of low frequency bending vibrations. Such bands often appear to the red of the electronic origin and in combination with other modes. The analyses presented in Tables 2-7 were made with the aid of these guidelines. It is essential to point out that the experimental spectra were correlated with observed room temperature ground state i.r. and Raman spectra in the gas and/or liquid phases. Thus, it must be emphasized that the interpretations presented here can only be considered reasonable. Whereas it is generally easy to interpret totally symmetric bands which occur in progressions, fundamentals which are relatively weak in intensity and those bands attributed to two quanta of nontotally symmetric modes may be subject to alternative interpretations. Further, heating the sample prior to expansion in the supersonic jet is an inadequate means of identifying hot bands by changes in signal intensity. This is largely due to the fact that the statistical distribution of populated vibrational states is little affected by these small temperature changes. It is also clear that the resonant signal intensity in R2PI is very sensitive to experimental conditions since the signal is proportional to the square of the incident laser intensity. Estimates of relative peak heights are thus no better than _ 25 %. In conclusion ionization spectra obtained in the present work indicate a striking similarity between the normal vibrational modes of "lightly" substituted benzenes in the excited state. With the aid of such spectral data significant progress can be made toward a more complete assignment and characterization of the normal modes of these molecules. We have shown that in some cases, in particular p-cresol, that bands that were previously attributed to sequence structure must in fact have an alternative interpretation. We also expect that identification of the number and frequency of the fundamentals will facilitate a deeper understanding of the excited state molecular potential as well as a better comprehension of the interaction between vibrational modes in these cases. Further, excited state molecular geometry can be deduced from the spectra obtained. The results indicate an expansion of the aromatic ring which occurs with retention of molecular symmetry and implicate the polyatomic para substituents in the lowering of molecular point group from that of a model D,, compound such as pdifluorobenzene.
